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ABSTRACT

Deep-sea bamboo corals hold promise as long-term climatic archives, yet little
information exists linking bamboo coral geochemistry to measured environmental
parameters. This study focuses on a suite of ten bamboo corals collected from the Pacific
and Atlantic basins (250-2136 m water depth) to investigate coral longevity, growth rates,
and isotopic signatures. Calcite samples for stable isotopes and radiocarbon were
collected from the base the corals, where the entire history of growth is recorded. In
three of the coral specimens, samples were also taken from an upper branch for
comparison. Radiocarbon and growth band width analyses indicate that the skeletal
calcite precipitates from ambient dissolved inorganic carbon (DIC) and that the corals
live for 150-300 years, with extension rates of 9-128 microns/year. A linear relationship
between coral calcite §'*0 and §'°C, indicates that the isotopic composition is influenced
by vital effects (8'°0:8"°C slope of 0.17-0.47). As with scleractinian deep-sea corals, the
intercept from a linear regression of §'°0 vs. 8"°C is a function of temperature, such that
a reliable paleotemperature proxy can be obtained, using the “lines method” [Smith et al.,
2000; Adkins et al., 2003]. Although the coral calcite §'*0:5"C slope is maintained
throughout the coral base ontogeny, the branches and central cores of the bases exhibit
8'%0:8"C values that are shifted far from equilibrium. We find that a reliable intercept
value can be derived from the 8'°0:8"°C regression of multiple samples distributed

throughout one specimen, or multiple samples within individual growth bands.
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1. INTRODUCTION

Studies have shown that deep-sea corals (DSC) are important archives for reconstructing
past ocean circulation and environmental variability [e.g., Smith et al., 2000; Adkins et
al., 2003; Thresher et al., 2004; Robinson et al., 2005; Roark et al., 2005; Sherwood et
al., 2005; Tracey et al., 2007; Sherwood et al., 2008; Sherwood and Edinger, 2009;
Thresher et al., 2009]. However, these records are not without complications when
interpreting stable isotopic data with respect to equilibrium conditions at the time the
corals were alive. Previous studies have focused primarily on interpreting the offset from
isotopic equilibrium observed in shallow and deep-water aragonitic coral skeletons [e.g.,
Emiliani et al., 1978; Heikoop et al., 2000, Smith et al., 2000, Adkins, et al., 2003;
Sinclair et al., 2006]. One study of the aragonitic deep-sea coral Desmophyllium
cristagalli showed that randomly selected samples of single coral specimens exhibit a
wide range of §'®0 and §"C values and that some regions of the coral approach isotopic

equilibrium whereas others do not [Smith et al., 2000].

Smith et al. [2000] reported that multiple isotopic analyses of 35 coral specimens (18
species) displayed a linear trend between skeletal 8'*0 and §'°C with slopes ranging
between 0.23-0.67. The most positive 8'*0 values approached isotopic equilibrium for
ambient conditions, and the y-intercept of the §'*O and §'°C regression can, in principle,
could be used for paleotemperature reconstructions (“lines method”; [Smith et al., 2000]).
Further investigation of D. cristagalli using microsampling techniques indicated that
regions of rapid growth were further from isotopic equilibrium (more depleted in '*O and

13C) than those regions associated with slowly accumulating, less dense aragonite [Adkins
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et al., 2003]. Currently, data comparing vital effects and growth structures have been
largely limited to D. cristagalli. Additional data from other deep-sea coral taxa and
mineralogies (e.g., calcitic corals) are needed to determine whether DSC skeletal §'°0

and 8"°C data can be more broadly used to compute temperatures for paleoceanographic

applications [e.g., Druffel et al., 1995; Heikoop et al., 2002].

Here we present the first systematic investigation of the carbon and oxygen isotope
content of a suite of radiometrically-dated deep-sea bamboo corals (family Isididae;
Table 1). Bamboo corals colonize intermediate to deep-water depths (400 to >3000m) in
most ocean basins and are long lived (>100 years). Some specimens clearly show distinct
annual banding and sub-annual trace elemental cycles [Roark et al., 2005; Andrews et al.,
2009; Thresher et al., 2009]. Bamboo corals precipitate a skeleton composed of both
calcite internodes and organic nodes (Fig. 1). The flux of organic carbon from surface
waters serves as the primary food source for these organisms, and contributes to the
geochemistry of the organic nodes [Roark et al., 2005; Myrvold et al., 2007]. Previous
research has shown that gorgonin in bamboo corals is used to construct the nodes as well
as distribute seams of organic material throughout the calcite skeleton, presumably to
give the skeletal framework flexibility [Noé and Dullo, 2006]. The calcite skeleton is
composed of high-Mg calcite precipitated from surrounding seawater dissolved inorganic
carbon (DIC; 7-10 mol% MgCOs; [Roark et al., 2005; Noé and Dullo, 2006]). By
calibrating the “lines method” in modern corals, this study provides the first evidence that
bamboo coral isotope geochemistry can be used as an archive of intermediate water

temperature.
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2. METHODS

This study focuses on 10 corals collected via submersible, dredge or trawl from the
California margin, Gulf of Alaska, Florida Straits, and Bowditch Seamount, near
Bermuda (Table 1; Figure 2). With the exception of the Bowditch Seamount coral (BE 1)
and the Bodega, CA coral (BB), all specimens were observed to have living polyps on
their skeleton at the time of collection. Bamboo coral (Isididae) taxonomic identification
is currently undergoing revision, so multiple related species may be represented in the

data presented here.

The bamboo corals were sectioned to yield calcite disks for thin sections, photography
and geochemical analyses. Disks were cut from the base or bottom of a branch, to avoid
any embedded branches within the section. Thin sections were polished to 100-200 um
thickness. The corals were sampled for isotope and radiocarbon analyses using a drill
press (500 um diameter bit), a Merchantek microsampler, or a dremel drill, depending on
the desired sample size. Coral sections were sampled perpendicular to the radial growth
axis from margin to center. Samples were acquired every 1 mm, with the exception of BB
which was micromilled every 0.25 mm. Additional samples were acquired from coral BB
from within a single growth band 10 mm from the margin (sampled parallel to growth

axis; 24 samples, 2-4 mm sampling distance).

Photomicrographs were taken of four of the California margin specimens using a Fisher
digital inverted microscope and Micron software package that enables the measurement

of individual growth bands (repeated measurement of the same tracks yield error of +/-
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10 um). To compare growth band width to radiocarbon-derived growth rates for a
selection of the California margin corals, the width of bands identified by dark/light pairs
within the calcite were measured for each coral thin section to determine a radial
extension rate for that section (Table 2). The bands were measured from the outer 1 mm
of the coral (5-25 bands per coral); the average, standard error and standard deviation (1
sigma) of the widths were calculated for these measurements (Table 2). For this analysis,
all banding features were assumed to reflect one year of growth. Radial extension rates
wer calculated from these measurements utilizing the one sigma standard deviation for

each coral (Table 3).

Water samples corresponding to four of the California Margin corals were collected with
Niskin bottles aboard the ROV Tiburon from locations near the coral collection sites
(1842-2136m) for the purpose of radiocarbon analyses. For radiocarbon analyses, calcite
powders and water samples were reacted with 85% orthophosphoric acid (HsPOy) in
vacuo and the resulting CO, was collected, cryogenically purified and reduced to graphite
prior to being analyzed at the Lawrence Livermore National Laboratory Center for
Accelerator Mass Spectrometry (CAMS). Results include a background correction based
on '*C-free calcite, and 8'"°C normalization. Results are reported as conventional
(uncorrected) radiocarbon age and per mil (%o0) D'*C as per international convention put

forth in Stuiver and Polach [1977], where

D"C = [(("C/"*Caampie)/(*C/*C950))-1] x 1000 (Eq. 1)
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These D'*C measurements were utilized to compare the D'*C content of coral calcite and
seawater DIC. Derived radiocarbon ages (uncalibrated) were then used to calculate
average radial extension rates for each coral (um/ Hc years; Table 3). Coral extension
rates are calculated using the minimum and maximum radiocarbon age from two

locations on the coral thin section (e.g., 0-1 mm and 11-12 mm).

Stable isotope analyses for all corals except ALV3808-3 were conducted on sample
powders using a Fisons Optima isotope ratio mass spectrometer (IRMS) at UC Davis.
Roasting and other cleaning steps were avoided because preliminary analyses suggested
these procedures alter the isotopic values of coral calcite. The calcite powders were
reacted in vacuo with 105% orthophosphoric acid at 90°C using an ISOCARB automated
common acid bath system. For sample ALV3808-3 (Warwick Seamount), samples were
analyzed at the Stanford Stable Isotope Laboratory on a Finnigan MAT 252 IRMS after
being reacted at 70°C in a Kiel-III device. Instrument precision for calcite §'*0 and §'"°C
was +£0.06%o (x10) in both laboratories, based on multiple analyses of laboratory calcite

standards.

We correct for offsets between corals due to local Slngater and 813CDIC by subtracting
isotopic values measured from seawater samples for each coral. For California corals, a
water sample was acquired near coral T664 Al (1295m) at the time of coral sampling and
analyzed at UC Davis. Water 8'°0 was determined via CO, equilibration using an
automated equilibrator attached to a Finnigan MAT 251 IRMS at UC Davis. The

precision of 8180, replicates was + 0.03%o (£ 1 6). For 513CDIC, CO, was evolved from
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seawater on a vacuum extraction line and analyzed using a Fisons Optima IRMS. For
Bowditch Seamount, Florida Straights and Gulf of Alaska corals, previously published
5'%0,, and 8" *Cpyc data are utilized [Epstein and Mayeda, 1953; Ostlund and Grall, 1987,

Schmidt et al., 1999; Guilderson et al., 2002].

All calcite oxygen and carbon isotope data and 8"*Cpyc data are presented relative to the
Vienna Pee Dee Belemnite (V-PDB) standard; water oxygen isotope data are presented
relative to Vienna Standard Mean Ocean Water (V-SMOW) standard. Data are presented
in standard per mil (%o) notation where:

8"°0 (*C) = [((**0/"*Ogampte)/(**O/**Ogtandara)) ~11 X 1000 (Eq. 2)

3. RESULTS

Coral growth rates calculated from growth-band measurements ranged from 14-126
um/year (Table 2). These extension rates estimates do not reveal a consistent pattern of
the coral base growing faster than the branch or vice versa (average base extension rates:

21-77 wm/year; mean branch extension rates: 14-126 um/year; Table 2).

Radiocarbon analyses of several California margin corals yield a calcite D'*C range of
-220 to -289%o (+/-2-6%0; Table 3). Seawater DIC values from nearby collection sites

yield ambient D'*C values between -229.4 to -268.9%o (+/- 2.1-4.0%o).

Radial extension rates were calculated from the D'*C measurements, for comparison to

radial extension rates calculated from the band width measurements (Table 3). In four of
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the five corals, the radial extension rate estimates overlap using radiocarbon and band
width methods, but there is not complete agreement between these methods and the

estimated ranges are very large.

Oxygen and carbon isotope data from the corals range between 0 to 2.7%o, and -5.5 to
2%o, respectively (Table 4). A complete transect of 80 and §'°C values from margin to
core is shown for one coral (BB), along with a corresponding micrograph indicating
sample locations (Fig. 3). This coral exhibits a range of §'°0 and §"°C values (§'°0 = 0.2
to 1.4%o; 8"°C = -1.5 to -4.4%o), including decreased 8'*0 and §'"°C values towards the
central core of the sample. In the remaining figures and calculations, samples very near
the central core of the corals were avoided, because of anomalous 8"3C and 8'%0 values
commonly observed there (values more than 1%o depleted relative to nearby samples

were excluded).

In the remaining results, corals are corrected for local 5180W and 613CDIC unless otherwise
specified. For California corals we utilized a water sample acquired near coral T664 A1l
(33.13°N, 120.91°W, 1295m): §'%0,, = -0.13%o, 8"*Cpic =0.08%o. For Bowditch
Seamount and Florida Straights corals, previously published 8'°0,, data are utilized:
830, = 0.34%0 (from 28.08°N 60.82°W, 2000m [Epstein and Mayeda, 1953; Schmidt et
al., 19997]) and 8" Cpjc =0.70 (from 28.21°N -53.79°W, 1981m [Ostlund and Grall,
1987]). For Gulf of Alaska (ALV3803) coral, published data from nearby sites was

utilized (8'%0y, = -0.20%o, 8"*Cpic = -0.71%0 [Guilderson et al., 2002]).
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We observe a §'°0:8"°C relationship from data collected across the basal (thickest) part
of the corals, with a slope between 0.17-0.47 (Fig. 4; Table 4-6). The linear regressions
of §'%0:8"°C are statistically significant in 9 of the 10 specimens analyzed (p<0.1; Table
5; FL-17-XI-05-1-11 was not significant). Stable isotope data from branch and base
samples are plotted for 3 of the corals (Fig. 5). Although the same slope is observed as
previously noted (0.37 for the whole dataset of base/branch samples), branch samples are
1-2%o more depleted in 'O and °C than base samples (Fig. 5). Based upon the
measurements of growth bands listed in Table 2, there is no statistical relationship
between coral growth rate and slope or intercept of the §'*0:8"°C regression (for slope

n=6, R*= 0.16, for intercept n=6, R’*= 0.41).

To understand the relationship between the §'°0:8"°C regression and temperature, we
follow the procedure of Smith et al. [2000] in making use of a §'*0 vs. §"°C linear
regression line (8'°0 = m * §'°C + b where m is the slope and b is the intercept when
8'"°C=0) for each individual coral (bases only, not branches) as a potential method to
reconstruct temperature at the time of skeletal formation (“lines method”; Table 4; Figure
6). Two corals were excluded from this analysis: the FL-17-XI-05-1-11 specimen that did
not yield a statistically significant 8'"*0:8"°C regression line, and the BB (Bodega) coral
which was sampled by fishing trawl and the sampling depth (and therefore temperature)
are approximate (Table 5). The temperature regression yields a linear relationship with
R’=0.92 (p < 0.001). Because the ultimate intention of this study is to enable prediction
of paleotemperatures in fossil bamboo coral specimens, temperature is plotted on the y-

axis and 95% confidence intervals are provided (Fig. 6).
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A set of 24 samples drilled within an individual growth band in the BB coral yield a total
8'%0 range of 1.12 to 1.76%o, and §'"°C range of -1.58 to -4.57%o prior to correction for
5180W and 8" Cpic. These data indicate that skeletal heterogeneity exists within samples
that were presumably precipitated within one year; this type of analysis would be
necessary for the “lines method” to be used in time series (Fig.7). The §'°0:8"°C

regression from coral BB data yields a linear relationship with an intercept of 2.10%o0 and

a slope of 0.21 (R* = 0.74, p < 0.001; Fig. 7).

4. DISCUSSION

4.1 Radiocarbon, radial extension rate and coral lifespan

D'C of samples taken from outer margin (within 1 mm) agree well with the ambient
water D" Cpyc collected from the same depths, with outer margin samples ranging
between -220.3 to -276.7%o, and water samples range from -229.4 to -268.9%o (Table 3).
These D'C values indicate that the corals are precipitating calcite from ambient
seawater, with radiocarbon ages between 2000-2500 years before present (YBP).
Bowditch Seamount coral, BE-1, yielded a radiocarbon age of 570 years (D'*C = -74.8
+/- 3.8 %o; Table 3). This D'*C value is consistent with pre-bomb NADW values (-65%o;
[Broecker and Olsson, 1961]) with a small fraction of older AAIW mixed in. These data
support previous observations that deep sea coral D'*C values can be used to establish
coral age as well as track intermediate water ventilation and/or circulation changes [e.g.,
Druffel et al., 1995; Heikoop et al., 2002; Roark et al., 2005; Eltgroth et al., 2006;

Sherwood et al., 2008; Sikes et al., 2008].
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This investigation utilizes both band width measurements and radiocarbon analyses to
develop an understanding of average coral growth rates. Previous investigations of
bamboo coral growth report radial extension rates of <100 to exceeding 500 pum/year
[Andrews et al., 2005; Roark et al., 2005; Noé and Dullo, 2006, Noé et al., 2008]. Based
upon the range of microscopically measured skeletal radial extension rates, specimens in
the present study contain average growth rates of 21-77 um/year for base and 14-126
um/year for branch cross sections (Table 2). Radial extension rates calculated by this
method are extremely variable (standard deviations are large); however, extension rates
calculated from radiocarbon analyses overlap with those from annual band width
measurements in 4 of the 5 of the corals (Table 3). The lack of complete agreement
between these methods may be due to changes in radial extension rate over time; the
radiocarbon measurements average over the entire coral (outer edge to center), and the
band width measurements focused on only the outer 1 mm. Additionally, radiocarbon
measurements on carbonate internodes (reflecting intermediate water masses) may be too
approximate to clarify the temporal phasing of skeletal banding features except for when
the coral is exceptionally long-lived. Radial extension rates would clearly be improved by
increasing the number of bands measured in addition to utilizing other methods for

developing independent chronologies (i.e., *'°Pb; [Andrews et al., 2009]).

These results indicate that bamboo corals may live for over 300 years, consistent with or

longer than existing age estimates on bamboo corals and other deep sea gorgonians [e.g.,

Roark et al., 2005; Tracey et al., 2007; Sherwood et al., 2008; Sherwood and Edinger,

12
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2009; Andrews et al., 2009; Thresher et al., 2009]. Base and branch samples indicate
these regions of the coral do not record different radial extension rates (Table 2), as

discussed further below.

4.2 Oxygen and carbon isotopic values
Oxygen and carbon isotopic values in bamboo corals are clearly impacted by biological
processes, or “vital effects”, as indicated by strong 8'0:8"°C relationships. The slopes of
the linear regressions of 8'*0 vs. §"°C observed here (0.17-0.47) are similar to the slopes
observed previously in aragonitic scleractinian deep-sea corals (0.23-0.67; [Smith et al.,
2000]. Smith et al. [2000] documented that in the linear §'*0:5'"°C relationship, the most
positive 8'*0 values approached isotopic equilibrium for ambient conditions. Smith et al.
[2000] then show that the §'®0 value at the intercept of the regression where §'*C=0 can
be used to reconstruct temperature. Thus, a cluster of §'*0/8"C points from an individual
coral can produce a regression line that could then be used to determine temperature in
fossil corals. Similarly, we have plotted the intercept value where 8'°C=0 for each of the
corals studied here against temperature (base samples only), corrected for local §'*0,, and
8" pic values as described above (Fig. 6). The bamboo coral data in Figure 6 define a line
with the equation (Model I Regression):

T=-2.09*5"%0¢.,, +8.25 (R*=0.92; p <0.001) (Eqn. 3)
or,

8800y = -0.44*T + 3.82%0 (Eqn. 4)

The 95% confidence interval on the paleotemperature estimate is +/- 0.4°C at the mean
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830 value (2.33%o) and increases to +/- 0.6°C at the extremes of the dataset (Figure 6).
As in Smith et al. [2000], our primary goal was to establish a predictive relationship for
temperature based on 8'°0 intercept values. Model I regression provides the simplest
analytical framework under these circumstances, and is the preferred approach. In other
cases, however (for example, if one desires to understand an underlying mechanistic or
functional relationship between variables), Model II regression methods may be required.
A Model II regression is characterized by a slope that equals the geometric mean of the
slopes of the linear regression of Y on X, and X on Y; this analysis can be used if there is
error in both X and Y. Model I and Model II are linked mathematically, by the simple
relationship that the slope of the Model II is equal to the slope of Model I divided by R.
Therefore, when the R? values are high, there is little difference between the slopes using
these two models. Using Model I, the slope of the regression line though our data would
decline slightly, to -2.17. Confidence intervals for a given 8'*O intercept would remain

the same.

The relationship between §'*O and temperature in our study exhibits a different intercept
and slope compared to Smith et al. [2000] such that the lines do not overlap. The different
intercept-temperature relationships between these two studies may be due to differences

in mineralogy (calcite vs. aragonite).

When isotopic data from coral branches are considered (using 3 of the California corals),
a similar §'*0:8"°C slope is observed relative to the base samples (0.37). However, there

appears to be a stronger offset from equilibrium (ambient seawater) in the branch samples

14
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(Fig. 5). A similar pattern is observed when considering isotopic shifts across the
structure of the base of a coral (Fig. 3). Based on one of the corals studied here (BB), the
8"°C and §'°0 values show little variability when sampled perpendicular to growth axis,
(in contrast to results from within one growth band; Fig. 7), except for the last few mm
nearest the central core. Here, 8"3C and 8"0 values become more depleted, similar to

values exhibited by branch samples.

In previous studies of D. cristagalli, it was shown that regions of rapid growth are further
from isotopic equilibrium than those regions associated with slowly accumulating, less
dense carbonate [Adkins et al., 2003]. However, based upon growth band measurements
and micrograph examinations, the relationship between growth rate and isotopic
equilibrium is not straightforward here. Contrary to the previously proposed relationship
between growth rate and isotopic fractionation in other corals, branch sections do not
have greater radial extension rates than base sections, and there appears to be no

relationship between extension rates and regression line slope or intercept.

Data from coral BB (Fig. 7) provide insight into the variability of calcite 'O and §"°C
during approximately 1 year, rather than over the lifetime of the coral (as exhibited in
other figures). These analyses indicate a similar range in 'O and §'"°C as previously
observed in Fig. 4. The regression of 8'*0:8"°C yields a linear relationship with an
intercept of 2.10%o (these data were not included in other figures or calculations). This is
very similar to the intercept generated by analyses acquired during perpendicular

sampling relative to the growth axis from this coral (1.81%o), indicating that a reliable

15
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intercept value (temperature proxy) can be acquired by sampling within individual
growth bands rather than averaging over the entire coral. These results suggest that it may
be possible to extract a time series of annually integrated coral temperatures from high-

resolution sampling of multiple growth bands.

5. CONCLUSIONS

Radiocarbon and growth band measurements indicate that bamboo corals are long lived,
ranging from 150-350 years. Bamboo corals indicate a strong relationship between §'°O
and 8'°C, similar to aragonitic deep-sea corals and indicative of strong vital effects
influencing the stable isotopic composition (slopes of 8'*0:8'*C regression range from
0.17-0.47). We make use of the 8'°0:8"°C regression for each individual coral (“lines
method”) as a reliable proxy to reconstruct temperature at the time of skeletal growth. For
this temperature proxy, 95% confidence intervals on the temperature regression are +/-
0.4°C at the mean 8'°0 intercept value. The variability required to establish a regression
line is apparent both in sampling across the lifetime of the coral (perpendicular to growth
axis) as well as within one growth band (parallel to growth axis). Thus, it appears that by
analyzing multiple samples within individual corals, a paleotemperature time series may
be acquired from the §'*0:8"°C relationship in bamboo corals. While the relationship
between 8'°0 and 8"°C in the coral calcite is maintained for the base and branches, the
branches exhibit values shifted further away from equilibrium indicating stronger “vital

effects” in branch portions of the skeleton.
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TABLES
CORAL ID Longitude W Latitude N Depth (m)

ALV3803 #3 -132.73 48.05 720
BB (Bodega) -123.50 38.50 250
T1104 A7 -122.04 36.74 870
T661 A9 -121.08 34.05 792
T664 Al -120.88 33.15 2055
T664 A17 -120.91 33.13 1295
T669 Al -121.48 32.64 2043
T668 A13 -120.05 31.91 2136
BE 1 -64.53 32.74 1395
FL-17-XI-05-1-11 -79.839 26.09 940

Basal Diameter

(cm)
1.8

Location
Warwick Seamount, GoA
offshore Bodega Head, CA
Monterey Canyon, CA
Rodriguez Seamount, CA
San Juan Seamount, CA
San Juan Seamount, CA
San Marcos Seamount, CA
Little Joe Seamount, CA
Bowditch Seamount, NW Atlantic
Florida Straights, NW Atlantic

Table 1. Coral samples utilized for the §'*0:8"°C linear regression.

21

Collection Method
Submersible
Fishing trawl
Submersible
Submersible
Submersible
Submersible
Submersible
Submersible

Dredge
Submersible



528

529
Average band
Coral ID width (um) SE SD
T664 Al base 77 10 34
T664 Al branch 126 15 33
T664 A17 base 21 2 11
T668 A13 base 61 14 45
T668 A13 branch 14 2 9
T669 Al base 61 15 52
T669 Al branch 22 2 12
ST
542

543  Table 2. Coral growth band measurements from the outer 1 mm on base and branch thin
544  sections, standard error and standard deviation.
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545
546

547
548
549
550
551
552
553
554

BB
BE 1

T664 Al base
T664 Al base

T664 A17 base
T664 A17 base

T668 A13 base
T668 A13 base

T669 Al base
T669 Al base

T669 Al branch
T669 Al branch

T662 N1
T664 N2
T664 N2 (dupl)
T669 N1
T669 N1 (dupl)
T668 N1

Type
coral calcite

coral calcite

coral calcite
coral calcite

coral calcite
coral calcite

coral calcite
coral calcite

coral calcite
coral calcite

coral calcite
coral calcite

seawater DIC
seawater DIC
seawater DIC
seawater DIC
seawater DIC
seawater DIC

Distance from

edge
0-1 mm

0-1mm

1-2 mm
9-10 mm

0-1 mm
11-12 mm

0-1.5 mm
18.5-19.5 mm

0-1 mm
34.5-35.5 mm

0-1 mm
7-8 mm

Water depth

250m

1395m

2055m
2055m

1295m
1295m

2136m
2136m

2043m
2043m

2043m
2043m

1842m
1954m
1954m
2043m
2043m
2136m

QHC %0)
-220.3 +/- 3.1

-74.8 +/- 3.8

-257 +/-2.6
-270.6 +/- 2.7

-221.3 +/- 3.0
-256.6 +/- 2.4

-249.7 +/-3.6
-281.6 +/-3.0

-252.3 +/-2.9
-284.3 +/-3.9

-258.8 +/- 3.5
-287.8 +/- 2.4

-268.9 +/- 3.4
-229.4 +/-2.7
-231.0 +/-2.1
2422 +/-2.6
-234.3 +/- 4.0
-230.9 +/- 3.6

C Age
2000 +/- 35

570 +/- 35

2385 +/- 30
2535 +/- 30

2125 +/- 35
2380 +/- 30

2255 +/- 40
2605 +/- 35

2335 +/- 35
2685 +/- 45

2405 +/- 40
2725 +/- 30

2515 +/- 40
2040 +/-30
2055 +/- 25
2175 +/-30
2090 +/-45
2110 +/- 40

Radial Radial extension
extension rate - rate - band width

(um/*C year) (um/year)

38-89 43-111
34-58 10-32

42-66 16-106
80-128 9-113

18-28 10-34

Table 3. Radiocarbon data for corals from California margin and Bowditch Seamount,
NW Atlantic. Seawater samples listed were taken near California coral sampling sites.
Distance from edge denotes location where radiocarbon sample was acquired. Duplicates
were analyzed for two of the seawater DIC samples. We then compare radial extension
rates based upon '*C analyses (uncalibrated ages) and band width measurements from

Table 2.
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555
556

Table 4. Data for the §'0:8"°C linear regression (Figure 4) in this study. These data are
not corrected for local §'*0,, and 8" *Cpc

557
Coral ID 6=C 6*0
ALV3803 #3 -3.50 094 -

-3.31 0.88
-3.27 0.85
-3.40 0.98
-3.32 0.68
-3.45 0.52
-3.75 0.90
-3.74 0.74
-3.45 0.97
-3.59 0.85
-3.38 0.95
-3.34 1.03
-3.50 1.02
-3.08 1.03
-3.16 093
-3.21 1.00
-3.48 0.95
-3.69 0.77
-3.93 0.72
-4.23 0.72
-4.45 0.53
-4.30 0.38
BB (Bodega) -4.36 0.30
-3.87 0.38
-3.63 0.68
-3.63 0.64
-3.18 0.71
-2.99 0.82
-2.33 0.82
-2.62 0.76
-2.87 0.80
-2.87 0.80
-3.10 0.72
-2.45 0.74
-1.94 0.87
-1.81 1.06
-1.81 1.02
-1.88 1.05
-2.36 0.85
212 091
-1.98 091
-2.33 0.94
-1.78 1.19
-1.47 1.29

values.
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BB (Bodega)
(cont)

-1.71
-1.72
-1.76
-1.71
-2.34
-2.50
-1.49
-1.40
-1.28
-1.52
-1.39
-1.11
-1.28
-2.04
-1.33
-1.46
-2.13
-2.16
-2.13
-1.96
-2.12
-2.09
-1.84
-1.53
-1.26
-1.34
-1.31
-1.41
-1.83
-2.02
-1.53
-1.70
-3.17
-1.60
-1.36
-1.52
-1.42
-1.77
-1.39
-1.50
-1.61
-1.66
-2.05
-2.27
-2.50
-2.40

1.25
1.29
1.19
1.16
1.09
0.97
1.12
1.20
1.36
1.13
1.21
1.31
1.21
1.05
1.26
1.30
1.01
0.96
1.09
1.04
0.96
0.96
1.02
1.20
1.28
1.18
1.24
1.20
1.15
1.02
1.12
1.24
1.61
1.20
1.30
1.25
1.30
1.22
1.23
1.16
1.19
1.25
1.15
1.13
1.00
1.08
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BB (Bodega)
(cont)

T1104 A7

T661 A9

T664 Al

T664 A1
branch

-2.30
-1.97
-2.10

-2.64
-3.59
-2.90
-3.99
-3.51
-2.29
-3.20
-4.47
-1.56
-2.73
-3.29
-3.55

-4.12
-4.38
-4.86
-5.18
-4.64
-4.81
-5.23
-3.45
-3.43
-3.30
-3.65
-3.93

-1.64
-1.16
-1.32
-1.23
-0.96
-0.95
-1.08
-1.40
-1.24
-1.55
-2.50
-3.38

-4.27
-3.61
-3.57

1.08
1.12
1.15

092
0.75
0.94
0.30
0.49
0.75
0.60
0.07
1.24
1.05
0.86
0.67

0.48
0.61
0.40
041
0.30
0.08
0.09
091
0.70
0.73
0.69
0.58

2.37
2.56
241
244
2.63
249
245
2.18
232
2.21
1.81
1.85

1.12
142
1.39
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T664 Al
branch
(cont.)

T664 A17

T669 A1

-3.88
-3.81
-3.45
-3.78
-3.85
-3.22
-5.68
-5.31
-5.37
-5.24
-6.03
-5.17
-5.46

-2.96
-3.54
-3.19
-1.85
-1.56
-2.22
-2.02
-2.03
-2.00
-2.31
-1.82
-2.17
-2.31
-5.00

-2.45
-2.38
-2.16
-1.96
-2.09
-2.11
-1.98
-2.48
-2.52
-2.26
-1.93
-1.97
-1.90
-2.43
-1.67
-1.89

1.27
1.39
1.60
1.37
143
1.55
0.95
0.80
0.84
0.80
0.50
0.79
0.61

1.62
1.36
141
1.79
1.85
1.56
1.82
1.80
1.82
1.69
1.80
1.69
1.59
0.84

1.87
1.91
1.92
1.93
1.97
1.83
1.87
1.69
1.69
1.73
1.83
1.81
1.92
1.67
2.14
2.12
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T669 Al
(cont.)

T669 Al
branch

T668 A13

T668 A13
branch

-1.86
-1.39
-1.42
-1.66
-1.60
-1.30
-1.34
-1.39
-1.63
-1.55
-2.35
-3.26
-4.55

-5.31
-5.37
-5.24
-6.03
-5.17
-5.46

-1.26
-1.58
-1.30
-1.74
-1.52
-1.21
-2.00
-2.04
-2.48
-2.00
-1.79
-2.35
-1.44
-1.05
-1.39
-1.55
-1.87
-2.07
-3.13

-3.78
-3.85
-3.22
-5.68

2.09
2.16
217
2.17
217
2.26
208
2.12
2.11
2.28
1.85
1.56
1.36

0.80
0.84
0.80
0.50
0.79
0.61

2.25
202
2.29
2.02
1.85
2.28
205
1.87
1.63
1.86
1.91
1.94
2.17
247
2.12
1.93
217
1.97
1.66

1.37
1.43
1.55
0.95
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BE 1

FL-17-XI1-05-1-11

0.59
0.80
0.85
0.74
0.40
0.57
0.96
0.62
0.95
0.84
1.10
1.86

1.29
1.51
1.14
0.82
1.08
1.30
0.68

207
1.93
1.85
1.79
1.66
143
2.16
1.77
2.10
2.03
1.89
2.18

1.33
1.27
1.65
1.24
0.97
1.05
0.81
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569

Coral Eqn N R? R P value

T664 Al y=0.47x+3.17 11 0.84 0.92 0.001
T668 A13 y=0.40x+2.89 18 0.63 0.79 0.001
T669 Al y=0.38x+2.87 28 0.79 0.89 0.001
T664 A17 y=0.25x+2.41 14 0.83 0.91 0.001
BB y=0.30x+1.81 69 0.82 0.91 0.001
3803-3 y=0.35x+2.03 22 0.49 0.70 0.001
BE 1 y=0.37x+1.51 12 0.38 0.62 0.1
FL-17-XI-05-1-11 y=0.18x+0.81 11 0.07 0.26 n/a
T661 A9 y=0.32x+1.99 12 0.75 0.87 0.001
T1104 A7 y=0.36x+2.02 12 0.76 0.87 0.001

570

571

572  Table 5. Regression statistics for each coral in Figure 4 (base samples only). FL-17-XI-
573 05-1-11 is excluded from Table 6 and Figure 6 due to poor statistical significance. BB is
574  excluded from Table 6 and Figure 6 because it was acquired via fishing trawl and exact

575  depth (and temperature) is unknown.

576
Temperature_
ID_ Intercept (°0O)
T664 Al 3.17 2.0
T668 A13 2.89 2.0
T669 Al 2.87 2.0
T664 A17 2.24 3.5
3803-3 2.03 3.5
T1104 A7 2.01 4.5
T661 A9 1.99 4.5
BE 1 1.51 5.0
587
588

589  Table 6. Intercepts for regression of §'*0 vs 8"°C, where §'"°C = 0; temperatures from
590  Levitus dataset.
591
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FIGURE CAPTIONS

Figure 1. Bamboo coral (BB) collected in fisherman’s dredge in the Bodega Bay region,
showing branching morphology and presence of calcite internodes and gorgonin nodes.
Total coral length 20cm.

Figure 2. Map of study area with coral sampling locations noted.

Figure 3. 8'°0 (blue triangles) and §"°C (red squares) of coral calcite plotted versus
distance from the edge of the coral for coral BB. Lowest values are found near the central
(core) region of the coral. Photomicrograph shows coral banding and micromilling tracks
from sampling (center of coral is identified by the hole on right side of micrograph).
These data are included in the §'°0:8"°C regression shown in Figure 4, but the most
depleted points from the center are excluded.

Figure 4. 8"0 and 8"°C values for the base sections of the 10 corals studied here: T664
Al (blue diamonds), T668 A13 (red squares), T669 Al (purple circles), T664 A17 (black
x), ALV3803-3 Warwick Seamount (black hollow boxes), BB (grey *), T1104 A7 (blue
hollow circles), T661 A9 (green hollow diamonds), FL-17-XI-05-1-11 Florida Straights
(green triangles) and BE Bowditch Seamount (grey squares). Data are corrected for §'°0,,
and 8" Cpyc using values listed in results section.

Figure 5. Carbon and oxygen stable isotopic values for the base (filled symbols) and
branch (empty symbols) sections of three of the corals studied here. Symbols are the
same as in Figure 5: T664 A1 (blue diamonds), T668 A13 (red squares), T669 Al (purple
circles). Note x axis has changed from Figure 5. Data are corrected for local 8'*0,, and
8"Cpjc. The consistent relationship between 8'°C and 8'%0 is maintained through base
and branch, but larger fractionation from equilibrium is exhibited by branch specimens.

Figure 6. The "0 value at §°C=0 intercept for the corals studied here (base only),
plotted versus temperature (from Levitus dataset). Blue squares represent 8 bamboo
corals investigated here. Grey squares represent data from 18 aragonitic deep sea coral
species that are closest in temperature range with our dataset (additional data available
from Smith et al., 2000). Both datasets were corrected for local 818OW and 613CDIC. 95%
confidence intervals are indicated by dashed lines around each regression.

Figure 7. Geochemistry of calcite collected from a single growth band (10 mm from
margin) in coral BB. Sample resolution is 2-4 mm. Data are corrected for local §'*0,, and
8" Cpic.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.



